Introduction
============

The p53 tumor suppressor protein was discovered in 1979 by David Lane and coworkers[@R1] and later named the "Guardian of the Genome." This designation is quite appropriate, since p53 is mutated in more than 50% of malignant tumors and it is suspected that the p53 pathway is affected in cases where no mutation is detected. The mutations of p53 lead not only to p53 loss-of-function, but also to negative-dominant effects (ND) (neutralization of the non-mutated p53) and gain-of-function (GF) effects. Recently, it has been proposed that the ND and GF effects occur via the oligomerization and aggregation of mutant p53 with wild-type p53 and other proteins in the p53 pathway, such as p63 and p73.

Prion diseases are rare maladies that are characterized by features that are also typical of many neurodegenerative diseases. Recent studies have suggested that the prion-related pathology is more general than previously thought and may encompass several neurodegenerative diseases.[@R2] Key proteins involved in these diseases such as Aβ, tau, α-synuclein, SOD1 and TDP43 can act as prions or prionoids; in addition, the pathological conformation of these proteins is transmitted both in animal and mammalian cell cultures in some cases.[@R3]^,^[@R4] Intriguing new data on the aggregation of p53 have been produced recently. The ability of p53 to form aggregates and the kinetics associated with this process have been widely explored and discussed by different investigators.[@R5]^-^[@R12] In addition, the prionoid behavior of p53 has been described by our group[@R8] and by Forget et al.[@R13] These studies have enabled new opportunities for the investigation of the modulation of p53 and suggested new potential chemotherapeutic targets. However, the following questions remain to be answered: to what degree is p53 prionoid behavior important in cancer pathogenesis? Is cancer a prionoid disease? How can a prionoid behavior commonly found in degenerative diseases be relevant to a proliferative disease?

We review the amyloid and prion-like properties of p53 mutant and the similarities between this mutant and the mammalian prion protein (PrP).

Prion-Like Mechanisms and Prionoid Proteins
===========================================

In 1982, Prusiner stated that "prions are small proteinaceous infectious particles that are resistant to inactivation by most procedures that modify nucleic acids"[@R14]. The model used to explain the nature of the agent responsible for Transmissive Spongiform Encephalopathies (TSEs) was extremely controversial, as it stated the major protein PrP was infectious and could replicate in the absence of genomic nucleic acid.[@R15]^,^[@R16] Since then, PrP has been characterized as a disease isoform known as PrP scrapie (PrP^Sc^). This protein is partially resistant to proteinase K digestion and derived from a protease-sensitive endogenous protein known as cellular PrP (PrP^C^).[@R17]^,^[@R18] The two isoforms have different conformations: PrP^C^ is rich in α-helices, whereas PrP^Sc^ has numerous β-sheets; these differences confer different physicochemical properties to these proteins.[@R19]^,^[@R20]

The inheritance and transmissibility of PrP^Sc^ are programmed into the conformation of the protein, as PrP^Sc^ acts as a template that promotes PrP^C^ misfolding and the formation of more PrP^Sc21--23^. PrP^Sc^ is an insoluble protein that forms unordered[@R24] and ordered aggregates.[@R25] For this reason, the determination of its three-dimensional structure is still a challenge. The mechanism behind prion conversion and aggregation is thought to involve protein self-replication as first described by Griffith[@R26] and later demonstrated by different authors.[@R21]^-^[@R23] Ordered PrP polymers with intermolecular β-sheet structures form amyloid fibrils, most likely through a seeding-nucleation mechanism in which the rate-limiting factor for fibrillization is the formation of a nucleus.[@R27] This kinetic barrier arises from thermodynamically unfavorable self-association steps that build oligomers of different sizes and generate ordered nuclei. This nucleation step (or lag phase) produces more seeds that attract monomers once the nuclei are formed, resulting in a phase of rapid growth.[@R27] In the past 10 y, it has been found that polyanions such as RNA, DNA and glycosaminoglycans can participate as cofactors in the prion conversion process.[@R28]^-^[@R31]

The seeding-nucleation model is not exclusive to PrP fibrillization. A similar model is used to describe the process of crystallization,[@R32] the polymerization of actin,[@R33] the assembly of microtubules[@R34] and the aggregation of amyloid and other proteins. Amyloid formation is known to cause other diseases characterized by similar misfolding processes. In each of these diseases, a major protein forms intra- or extracellular aggregates, leading to cellular dysfunction[@R35]; in particular, Aβ and Tau protein are involved in Alzheimer disease (AD), α-synuclein is involved in Parkinson disease (PD), huntingtin is involved in Huntington's disease and superoxide dismutase (SOD) and TDP-43 are involved in amyothropic lateral sclerosis (ALS).

Over the last decade, many authors have shown that altered forms of other amyloid proteins are able to convert the normal form of the protein into misfolded proteins. These proteins have been called "prionoids" or "prion-like" proteins. The in vitro seeding of Aβ fibrils results in aggregates with the same morphology as that of the seed[@R36]; a similar phenomenon has been observed for prion strains. The intracerebral injection of brain homogenates derived from AD patients induces disease in transgenic mice and rats expressing the amyloid protein (Aβ precursor).[@R37]^,^[@R38] Mutant forms of SOD1 and TDP-43 are also able to seed misfolding of the wild-type protein both in vitro and in cell cultures.[@R4]^,^[@R39]

Self-propagation and template misfolding are basic characteristics of a prion; however, the ability to replicate in a new host is another defining characteristic of the prion. All proteins that produce nucleation and template misfolding are potentially transmissible in cells or organisms. Proteins that form extracellular aggregates (such as those formed by the Aβ peptide) can be seeded outside the cell; however, intracellular aggregates (such as those formed by the Tau protein) appear to involve more complex mechanisms of transcellular propagation. The observation of Lewy bodies (accumulations of α-synuclein in dopaminergic neurons) in fetal mesencephalic neurons transplanted into Parkinson disease patients provided early evidence that intracellular proteins can be misfolded through cell-to-cell transmission.[@R3] Intracerebral injections of Tau aggregates into mice also induced the aggregation of native Tau, similarly suggesting that transmission between cells could occur.[@R40] Whereas the mechanisms behind cell-to-cell transmission are still being investigated, some light has been shed on the active release of fibrils[@R41] from one cell into the media, the release of these fibrils into recipient cells[@R42] and their direct contact with other cells or their involvement with exosomes.[@R43] Laboratory experiments demonstrated the host-to-host transmission of AA amyloidosis.[@R44] However, no epidemiological data support the natural host-to-host transmission of any of these diseases other than TSEs.

It is unlikely that prion-like properties are exclusively characteristic of proteins involved in neurodegenerative diseases. The prionoid behavior of mutant p53 (i.e., the ability to aggregate) could be related to other cellular processes such as proliferation in cancer cells.[@R7]^-^[@R9]^,^[@R45] Bacterial surface proteins can act as prionoids.[@R46] The prion-related protein cytoplasmic polyadenylation element-binding (CPEB) of sensory neurons of *Aplysia* forms prion-like multimers, leading to long-term improvements in memory.[@R47]

Transmissible proteins are found in both pathological and normal processes. Because all proteins can aggregate and form amyloid structures under certain circumstances (a general property of polypeptide chains),[@R48] prion-like properties may be more widespread than currently believed and self-propagation could be an evolutionarily relevant property aimed at spreading a specific effect.

p53 Aggregation and its Prion-Like Effect
=========================================

The p53 protein is subject to several post-translational modifications and interacts with numerous other proteins. p53 is active in the form of a homotetramer of 393 amino acid residues. This protein is involved in several processes in the cell, including cell cycle arrest and apoptosis. Indeed, the flexible structure of p53 allows it to undergo different post-translational modifications in response to stress-related signals such as DNA damage. Each chain is composed of different domains: the N-terminal region containing the transactivation domain and a proline-rich segment; the central core domain (also known as the DNA-binding domain); and the C-terminal region, which includes the tetramerization domain and a natively unfolded regulatory domain.[@R49]

The presence of mutations in the central core domain is very commonly encountered in cancer (affecting more than 50% of all cases), and a number of hot-spots have been described. Even though some of these mutations involve only a single amino acid, they can cause important loss-of-function or gain-of-function effects. The loss of function of WT p53 can disrupt many cellular processes and may induce the overexpression of genes previously repressed by p53. This appears to be the case for the ABCB1 gene (previously known as MDR1), which is involved in multidrug resistance.[@R50] Gain-of-function effects may lead to the induction of the expression of genes unaffected by the wild-type form of the protein either through the binding of p53 to non-canonical sequences of DNA or through the interaction of p53 with distinct transcription factors and the consequent enhancement of their activity (for excellent reviews, see refs. [@R51] and [@R52]). Mutant p53 tends to be associated with a dominant-negative effect.[@R53] When one of the alleles of the gene is mutated and the other remains in its native form, the wild-type functions of p53 are abolished. The most traditional explanation for this observation involves the formation of heterotetramers containing both mutant and wild-type forms of the protein that are inactive.[@R54] Recent data suggest that this effect could be associated with the misfolding and aggregation of mutant p53 and the resultant prion-like effect on the wild-type form of the protein[@R8]^,^[@R9]^,^[@R13]^,^[@R55] (see [Fig. 1](#F1){ref-type="fig"}). One of the explanations offered in the literature for the aggregation of p53 involves the exposition of aggregation-prone sequences in mutant p53 that are usually hidden within the hydrophobic motifs of the wild-type protein.[@R9] The p53 homologous proteins p63 and p73 have similar aggregating-prone sequences ([Table 1](#T1){ref-type="table"}) that enable their co-aggregation with p53, most likely through the central core domain.[@R9] This co-aggregation occurs despite the existence of only 38% homology in the oligomerization domain of these proteins.[@R56] Nevertheless, the interaction between mutant p53 and p63 has been shown to be related to important gain-of-function effects in cancer that appear to be the result of either the enhanced expression of genes targeted by p63[@R57]^,^[@R58] or the binding of p63-p53 to unusual DNA sequences rather than to the loss of p63 DNA binding ability.[@R59] The existence of multiple isoforms of these three proteins further complicates these interactions and their effects, and the interactions between these proteins may lead to different cellular fates.[@R52]

![**Figure 1.** p53 prionoid aggregation scheme. (1) WTp53 suffers dominant-negative effect from mutant p53, acquiring a misfolded conformation, which leads to aggregation. (2) MDM2 and HSP70 might stabilize mutant p53 by forming structures named "pseudo-aggregates," which can be involved in p53 intracellular aggregation.[@R71] (3) The co-aggregation of p53 with its partalogs, p63 and p73, has been described by Xu et al.[@R9] (4) p53 displays prionoid characteristics, since mutp53 aggregates are able to induce WTp53 conversion to the misfolded, aggregation-prone conformation.[@R8] These p53 aggregates might be captured by other cells through macropinocitosis.[@R13]](kprn-08-01-10927776-g001){#F1}

###### **Table 1.** Predicted aggregation behavior of cancer and neurodegenerative proteins

  -------------------------------------------------------------------------
  Method\           Aggrescan     Tango          Waltz    Zyggregator
  Protein                                                 
  ----------------- ------------- -------------- -------- -----------------
  **Mouse PrP**     nHS: 3\       nHS: 1\        nHS: 4   Zagg: 0.998\
                    NnHS: 1.435   Agg: 61.2177            Ztox: 0.107975

  **Human p53**     nHS: 8\       NHS: 2\        nHS: 1   Zagg: 0.909\
                    NnHS: 2.036   Agg: 761.196            Ztox: -1.51057

  **Human p63**     nHS: 10\      \*             nHS: 3   Zagg: 0.709\
                    NnHS: 1.767                           Ztox: -1.51621

  **Human p73**     nHS: 9\       \*             nHS: 5   Zagg: 0.842\
                    NnHS: 1.804                           Ztox: -0.904242

  **Aβ 1--42**      nHS: 2\       NHS: 2\        nHS: 2   Zagg: 0.975\
                    NnHS: 4.762   Agg: 1598.46            Ztox: 0.504339

  **α-synuclein**   nHS: 6\       NHS: 4\        nHS: 1   Zagg: 0.980\
                    NnHS: 4.286   Agg: 896.077            Ztox: -0.829966

  **SOD1**          nHS: 6\       NHS: 1\        nHS: 1   Zagg: 0.862\
                    NnHS: 3.896   Agg: 145.586            Ztox: -0.136983
  -------------------------------------------------------------------------

AGGRESCAN predicts aggregation-prone segments. WALTZ predicts amyloid-forming sequences. ZYGGREGATOR predicts different phases of the aggregation process. nHS: number of Hot Spots. NnHS, Normalized nHS for 100 residues; Agg, the propensity for β-sheet aggregation; Z~agg~, the tendency to convert from the unfolded state to the amyloid state; Z~tox~, the tendency to convert from the unfolded state to oligomeric assemblies. Z~agg~ and Z~tox~ values close to 1 represent a high aggregation propensity. WALTZ was performed with Best Overall Performance threshold. Conditions were as follows: pH 7.0, 298.15 kelvin and 0.02 M (ionic strength). \*TANGO limits analysis to 500 amino acids.

In Silico Analyses of Aggregation-Prone Sequences of p53, p63 and p73 and Comparison with Mammalian Prion Protein (PrP)
=======================================================================================================================

As mentioned previously, p53 is an unstable protein that forms amyloid aggregates in vitro and in vivo.[@R6]^,^[@R8]^,^[@R9]^,^[@R12]^,^[@R45]^,^[@R60]^,^[@R61] For this reason, we decided to evaluate the propensity of p53, p63 and p73 to form aggregates using prediction programs and comparing sequences of these proteins with sequences of other aggregation-prone protein sequences, including PrP. The prediction program TANGO[@R62] was used to identify hot-spots of p53 with a high propensity for β-aggregation; a sequence in its DNA binding domain that was experimentally shown to promote nucleate aggregation was identified.[@R9] The aggregation of p53 involves a self-propagation mechanism associated with a seed-nucleation model; an initial lag-phase characterized by the formation of p53 oligomers is followed by the exponential growth of amorphous and fibrillar aggregates.[@R6]^,^[@R8] As is the case of prions and other prion-like diseases, these oligomers and aggregates are toxic to cells.[@R6]^,^[@R8] The use of other predictive algorithms (see [@R63] for review) such as AGGRESCAN,[@R64] WALTZ[@R65] and ZYGGREGATOR[@R66] show that p53 has many hot-spots for aggregation (including amyloid sequences) that promote conversion to an amyloid state ([Table 1](#T1){ref-type="table"}; [Fig. 2](#F2){ref-type="fig"}). These tendencies are comparable to those of proteins involved in other prion-like diseases ([Table 1](#T1){ref-type="table"}). Interestingly, p63 and p73 display as high of a propensity to form aggregates as p53.

![**Figure 2.** Human p53 primary sequence and aggregation hot spots colored according to the bioinformatics prediction method used. Aggrescan (red), Tango (light green), Aggrescan and Tango (brown), Aggrescan and Waltz (purple).](kprn-08-01-10927776-g002){#F2}

When only the core domain of p53 (p53C) is analyzed with these programs, significant aggregating segments of the protein are found to occur close to sequences where hot-spot mutations are found ([Fig. 3](#F3){ref-type="fig"}). Also, p53 appears to form aggregates more easily than the murine PrP globular domain ([Fig. 3](#F3){ref-type="fig"}).

![**Figure 3.** Solution structure of human p53 DNA binding domain (PDB: 2FEJ) (**A-C**) and mouse PrP C-terminal domain (PDB: 1AG2) (**DandE**) with aggregation hot spots predicted by Aggrescan (**A**), Tango (**BandD**), and Waltz (**C and E**). AGGRESCAN hot spots predicted for mouse PrP are located at the N-terminal domain not represented by this model.](kprn-08-01-10927776-g003){#F3}

The discovery that unstructured p53 mutants drive changes in conformation in wild-type p53[@R67] demonstrated the template misfolding property and the seeding property of p53.[@R7]^-^[@R9] The in vitro transmissibility of p53 was also recently demonstrated. Wild-type p53 aggregates were shown to enter HeLa and NIH3T3 cells (most likely via macropinocytosis) and induce intracellular p53 aggregation.[@R13]

In their review article, Antony et al.[@R68] emphasized the likely role of protein-only inheritance and prions in cancer. Genetic studies with yeast showing that prions confer dominant phenotypes with cytoplasmic inheritance to these organisms indicate that several of these proteins have mammalian functional homologs.

Molecular Partners Involved in p53 Aggregation
==============================================

Certain molecular partners of p53 could directly interfere with the propensity of this protein to form intracellular aggregates and thereby affect the normal cellular trafficking of the protein. In addition, the co-aggregation of p53 and many cellular proteins appears to occur in different cellular processes.[@R69]^,^[@R70] Certain interactions have been proposed to stabilize p53 mutants in cells. The transient but recurrent interaction between p53 and the cellular chaperone HSP70 (Heat-Shock Protein 70) may promote an increase in the half-life of mutant p53 protein; in addition, in the presence of MDM2, these "pseudoaggregates" can form stable amyloid-like structures[@R71] that appear to be associated with an altered structural conformation of p53.

Kirilyuk et al.[@R72] identified a highly disordered region of the acetyltransferase p300 with characteristics similar to those of prion-like domains. This region provides an interface with which misfolded proteins (including p53) can interact and aggregate. These findings demonstrate that p53 aggregates are generally heterogeneous.

In addition to considering the interaction between p53 and different proteins that cause aggregation and the formation of amyloid-like pseudo-aggregates, we must also consider the possible involvement of other molecules such as lipids and polyanions in these processes. Cholesterol secosterol aldehydes, which are lipids related to chronic inflammation, have been shown to promote p53 aggregation, with an amyloid nature.[@R73] In addition, evidence suggests that the interaction of p53 with a consensus DNA sequence stabilizes this protein and inhibits its aggregation[@R74]; however, it is also possible that longer DNA chains could lead to polymerization.[@R75] Although the interaction between p53 and RNA has been reported,[@R76]^-^[@R78] aggregates produced by this interaction have not yet been identified. Poly-adenylated RNA has been found in aggresomes that contain several key proteins (including p53) involved in cancer and neurodegenerative diseases.[@R69] Zanzoni et al.[@R79] claim that the interaction between p53 and its own mRNA might limit the amount of protein produced and thereby regulate p53 expression and aggregation. Finally, the mode of entrance of p53 prionoid aggregates into cells[@R13] (i.e., via macropinocytosis) suggests that p53 may also interact with glycosaminoglycans (GAGs), similar to the interaction of PrP with GAGs.[@R31] In addition, certain molecular partners of p53 could directly interfere with its propensity to form intracellular aggregates and thereby affect the normal cellular trafficking of the protein.

More recently, the AB domain of the tumor suppressor retinoblastoma (RB) was shown to have aggregation properties similar to those of the p53 tumor suppressor[@R80]; this finding is particularly relevant, as both cellular regulators are found inactivated in many cancers.

The Effect of p53 Mutation and Aggregation on Protein Trafficking
=================================================================

Extensive studies indicate that p53 acts as a major traffic controller in the cellular signaling network. In tumors, the main controllers of many cell signaling pathways (such as p53) are disrupted. Consequently, these cells acquire the ability to replicate in perpetuity, thus favoring the progression of cancer.[@R81] The p53 network is only activated when cells are damaged. This protein shuts down the proliferation of stressed cells by inhibiting progress through the cell cycle. In many cases, it can even trigger apoptosis to contain DNA damage and protect the organism.[@R82]

The localization of p53 in the nucleus plays an important role in its response, as the regulation of transcription is one of the key functions of p53. The active transport of p53 toward the nucleus by dynein and the microtubule network has been described previously[@R83] and specific nuclear localization signals in the C-terminus of p53 contribute to this process. In the nucleus, regulatory mechanisms control the export of p53 to the cytosol. The p53 protein contains two nuclear export sequences: one in the C-terminal oligomerization domain[@R84] and one in the N-terminal MDM2 binding region.[@R85] The ability of p53 to be exported is enhanced by the action of MDM2,[@R84] although export is not absolutely dependent on the presence of this protein.[@R85]^,^[@R86]

Previous studies have described the formation of amyloid-like aggregates during oligomerization. The formation of these aggregates is driven by the transactivation domains of p53,[@R61]^,^[@R70]^,^[@R87] which could affect the subcellular localization of the protein. Several cancers are characterized by an abnormal accumulation of wild-type or mutant p53 in the cytoplasm or in the nucleus of the cell.[@R88] We described a massive accumulation of p53 amyloid oligomers in MDA-MB-231 (mutant R280K p53) breast cancer cell nuclei[@R8] ([Fig. 4](#F4){ref-type="fig"}).

![**Figure 4.** Detection of native and aggregated p53 in breast cancer cell lines. (**A**) MCF-7 (wild-type p53) and MDA-MB 231 (mutated p53) cells were labeled with anti-p53 (DO-1) and anti-oligomer (A11) primary antibodies. The first column shows the bright field images, the second column shows p53-labeling, the third column shows the labeling of aggregates, and the last column shows the merged images of p53 labeling and aggregate labeling. The images were obtained at 63 000 magnification. (**B**) size exclusion chromatography fractions (SEC) of the extract of the MCF-7 (red line) and MDA-MB 231 (black line) tumoral cell lines. Western blotting against p53 was performed for the eluted fractions. (**C**) Aggregated p53 eluted in the column void volume. Extracted from ref. [@R8].](kprn-08-01-10927776-g004){#F4}

Therapeutic Approaches to Preventing Aggregation
================================================

The self-template-associated propagation of a protein with an altered conformation causes pathologies with characteristics of prion-like diseases. To understand this propagation process, it is important to manipulate the course of disease.

Recent suggestions that these diseases can also be transmitted from cell to cell offer the possibility of new therapeutic strategies involving the inhibition of the secretion and uptake of the pathogenic forms of these proteins.

Some treatment strategies aim to decrease protein production. RNA interference (RNAi)-based systems modulate gene expression at both transcriptional and posttranslational levels.[@R89] This latter method represents a very interesting strategy because it is highly specific (a desired characteristic in pharmacological drugs).[@R89] Such a strategy could be adopted for targets involving diseases caused by dominant gain-of-function mutations where the normal variant must be distinguished from the mutated form and where concentrations of the mutated protein in the cell must be decreased. This strategy has been tested with different diseases including ALS, HA, AD, PD and cancer.[@R89] The reactivation of p53 wild-type function (i.e., the induction of apoptosis) was performed with synthetic small inhibiting RNAs against mutant p53.[@R90] Decreasing the concentrations of mutant protein may decrease the aggregation of WT p53 and the co-aggregation of p53 with other suppressor proteins. Although this strategy shows promise, the delivery of RNAi reagents into cells and the stability of these compounds represent major obstacles.

Increasing intracellular and extracellular clearance also represents a method of eliminating toxic protein aggregates. Proteasomes are cellular components that perform autophagy and are responsible for proteolysis in eukaryotic cells. These cellular structures ensure proteostasis and control the quality of the cytoplasm: deficient proteasomes can promote protein aggregation by degrading damaged, misfolded and mutant proteins, whereas autophagy eliminates protein aggregates.[@R91] The regulation of autophagy may be therapeutically interesting. The upregulation of autophagy limits the accumulation of mutant Huntington and mutant α-synuclein.[@R92] The upregulation of autophagy has been shown to prevent cancer, but it can also lead to tumor survival in the later stages of tumorigenesis.[@R92] The main obstacle to the development of these strategies is the lack of known activators of this cellular machinery. The degradation of internalized misfolded proteins by autophagy and the inhibition of cellular uptake of these proteins could block disease progression.

Recently, we showed that resveratrol stabilizes wild-type p53 in breast cancer cell lines (MCF-7) and promotes apoptosis.[@R93] The transient transfection of the wild-type p53-GFP gene renders H1299 (originally lacking p53) more sensitive to resveratrol and more responsive to its pro-apoptotic properties. We propose that the combined use of resveratrol and other means of keeping active p53 cells (such as gene therapy using wild-type p53 gene or chemicals to rescue the function of p53) can be used therapeutically in cancer.[@R93]

Immunotherapies for amyloid proteins have been tested with promising results, leading to the development of vaccine-based clinical trials. Antibodies can disaggregate proteins, promote their extracellular degradation and block their entry into cells.[@R94]

The prevention of aggregation represents a strategy that has been more widely studied. It is believed that misfolded proteins and/or small oligomers (intermediates of the aggregation process) are among the most toxic species that trigger disease. This process leads to the final formation of large amorphous aggregates or fibrils that are toxic in some studies and non-toxic in other studies.[@R48] This strategy is therefore currently focused on identifying molecules that interfere with the generation of aggregation *nuclei* and with the accumulation of misfolded proteins and pre-fibrillar aggregates. Natural or synthetic molecules that stabilize proteins/peptides, inhibit oligomerization and/or inhibit fibrillization have been studied. [Figure 5](#F5){ref-type="fig"} sketches the potential therapeutic targets in p53 aggregation.

![**Figure 5.** p53 aggregation inhibition as a new approach for cancer chemotherapy. The aggregation process of p53 might be blocked in the many steps involved, including p53 misfolding and the prionoid effect. Also, as for other misfolding diseases, the oligomeric and aggregated forms might be destroyed, releasing both mutant and WT p53, whose destiny could include stabilization, with the recovery of transcriptional activity, or increased degradation, which could liberate the cell from the mutant p53 form and its deleterious effects.](kprn-08-01-10927776-g005){#F5}

p53 therapeutic approaches based on wild-type p53
-------------------------------------------------

Several anticancer therapies are based on the use of wild-type p53 or the targeting of p53-dependent pathways to induce cell death.[@R95]^,^[@R96] Numerous studies have described the development of new strategies to facilitate the persistence of active p53 in cells and the promotion of its ability to function as a tumor suppressor.

Although p53 appears to have therapeutic potential, because it is not a receptor or an enzyme (the most conventionally studied targets for drug development), it was considered a poor drug target for a long time.[@R97] However, advances in drug design and scientific knowledge on p53 accumulated over the course of more than 30 y have enabled the development of new therapies based on restoring p53 function that have been applied in preclinical and clinical studies.[@R98]

The main strategies used to restore pathways controlled by p53 include gene therapy, the modulation of post-translational modifications of p53 and the inhibition of the interaction between p53 and MDM2.

The insertion of wild-type p53 in these tumor cells has been attempted in several types of tumors that express mutant forms of p53 or are unable to express the protein and are therefore more resistant to conventional chemotherapy. Gene therapy with a p53 adenovirus vector produced antitumor efficacy in phase I, II and III clinical trials.[@R97] This type of therapy might in theory be useful for p53-null individuals; however, inserting a new source of WT p53 in cells without shutting down the endogenous mutant p53 expression might lead to an increase in aggregation.

Other approaches involving the use of tenovin-1 and tenovin-6 were effective in stabilizing cellular levels of p53. These compounds inhibit the deacetylase activity of SIRT1 and SIRT2 enzymes and promote the maintenance of stable levels of acetylated p53. Acetylation limits the degradation of p53 by MDM2 and is therefore crucial for its apoptotic function. The inhibition of the nuclear export of p53, which stimulates apoptosis and inhibits tumor growth, has also been described as a strategy for activating p53.[@R97] Other compounds act by blocking the interaction between p53 and MDM2, thus reducing the degradation of p53.[@R99] Nutlins, a class of MDM2 antagonists, and RITA (reactivation of p53 and induction of tumor cell apoptosis), a drug that interacts directly with wild-type p53 by preventing MDM2-mediated degradation, are two examples of such compounds. This strategy can also involve silencing the expression of MDM2 via transcriptional inhibitors that bind peptides and thereby impair p53-MDM2 interaction and increase the expression of ARF, a protein that inhibits MDM2.[@R100]^,^[@R101]

Mutant p53
----------

The ability of mutant p53 to generate gain-of-function effects imply the necessity of interfering directly with this protein. The aggregation or accumulation of mutant p53 in cancer cells represents a property to be exploited ([Fig. 5](#F5){ref-type="fig"}). Various drugs can destabilize mutant p53 (thus abolishing its acquired functions), stabilize mutant p53 (to recover, at least partially, the wild-type p53 functions that lead to apoptosis), stimulate p53 degradation pathways (to eliminate the noxious protein from the cell) and, theoretically, inhibit the prionoid properties of mutant p53 to avoid the spreading of this effect. When mutant p53 is inactivated (loss-of-function mutations), it can be reactivated to exert wild-type p53 functions ([Fig. 5](#F5){ref-type="fig"}).

PRIMA-1, a drug that rescues the function of mutated p53, is able to form adducts with thiol groups of the mutated p53 core domain.[@R102] These adducts reactivate the mutated form of the protein and promote apoptosis in tumor cells. Another drug (MIRA-1) also appears to exert properties similar to those of PRIMA-1 and is more effective at inducing cell death. This drug appears to rescue mutant p53 function by shifting the equilibrium between native/denatured p53 forms and native conformation/active proteins.[@R103]

The disruption of mutant p53 function could also be achieved by preventing its interaction with other transcription factors. The small-molecule RETRA has been shown to inhibit the interaction between mutant p53 and p73, thus restoring p73 function.[@R104] In addition, a number of peptides can promote the reactivation of wild-type function in mutant p53. Peptides corresponding to parts of the C-terminus domain of p53 have been suggested to restore the ability of mutant p53 to induce apoptosis.[@R105]^,^[@R106]

Recent works have described novel p53 active compounds that interfere with p53 aggregation. Rational drug design was used to analyze the aggregation of the p53 mutant Y220C using different compounds that bind to a small cavity in the C-terminal domain of this protein.[@R10] Another study of this mutant described the effects of a compound directed at the Y220C mutant that could reactivate properties of p53 and restore both transcriptional and non-transcriptional p53 functions.[@R107]

Conclusions
===========

The aggregation of mutant p53 (amyloid oligomers and fibrils) confers a prion-like activity on the native protein, converting it into an inactive form. The detection of amyloid aggregates in biopsied breast cancer tissues (especially in aggressive tumors) demonstrates the relevance of this prionoid behavior in cancer pathogenesis.[@R8]^,^[@R45]

The aggregation of mutant p53 induces the aggregation of WT p53, p63 and p73.[@R9] Recent findings showing that aggregates of p53C could be internalized by cells and co-aggregate with endogenous p53 protein corroborate the prionoid character of p53 aggregates.[@R13] The prion-like behavior of oncogenic p53 mutants ([Figs. 1](#F1){ref-type="fig"} and [5](#F5){ref-type="fig"}) explains the dominant-negative and gain of function properties of these mutants and the high metastatic potential of cancers bearing p53 mutations. All these recent data have opened several questions concerning the relevance of aggregates in propagating the phenotype of "inactivated p53" (negative dominance) and altered function of other suppression proteins (such as p63 and p73) and other transcription factors (gain of function). There is strong evidence of intracellular prion-like propagation of misfolded p53, but the propagation among cells needs still to be proved, although it was demonstrated that aggregates of p53 can penetrate cell and induce aggregation.[@R13]

The inhibition of the aggregation of p53 into oligomeric and fibrillar amyloids appears to represent a promising target for therapeutic intervention in cancer. Small molecules, small peptides and nucleic acid aptamers represent good candidates for this strategy.
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